Using Fourier-transform spectral interferometry, we demonstrate the measurement of both amplitude and phase of photon echoes in GaAs multiple-quantum-well structures. The complete measurement of the electric field thus achieved makes possible the determination of the corresponding Wigner spectrograms. © 1997 Optical Society of America Photon echo is a powerful nonlinear optical technique for probing coherence relaxation in a great variety of materials.
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It is performed in a four-wave-mixing (FWM) conf iguration, with three exciting pulses corresponding to wave vectors k 1 , k 2 , and k 3 , respectively. The emission propagating in direction k 2 1 k 3 2 k 1 is then analyzed with various characterization techniques. The time dependence of this FWM emission depends greatly on the detailed physical processes leading to the damping of the third-order nonlinear polarization induced in the material. For example, in the case of a homogeneously broadened two-level system obeying the Bloch equation, the FWM emission appears immediately after the last pulse and then decays exponentially with a time constant T 2 , the dephasing time. In contrast, when inhomogeneous dephasing is dominant, the FWM emission occurs only near a time t after the last pulse, where t is the time delay between the f irst two pulses. The amplitude of this echo of the last pulse is proportional to the amount of remaining homogeneous polarization, with the effect that inhomogeneous dephasing is canceled out. The photon-echo technique thus permits the investigation of purely homogeneous dephasing processes. However, in the condensed phase, the Bloch equation often fails to describe the system properly, e.g., because of many-body effects in semiconductors 2, 3 or to complex solvent dynamics in liquids. 4 An invaluable amount of information about such complicated processes will be gained in a photon-echo experiment from the knowledge of the time dependence of the echo emission. In previous work, time resolution was achieved by recording the upconverted echo signal as a function of a time delay with respect to an additional gating pulse.
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Recently we suggested that it would be both easier and more comprehensive to measure the echo through Fourier-transform spectral interferometry (FTSI), 5 a technique based on spectral interferometry, [6] [7] [8] which yields the amplitude and the phase of a coherent transient emission, provided that an adequate reference pulse is available.
In this Letter, we report on the experimental demonstration of FTSI FWM by measuring in the frequency domain the amplitude and the phase of the photon echo emitted from a GaAs͞GaAlAs quantum-well structure. The complete knowledge of the electric field makes possible various representations of the transient emission such as its time-dependent amplitude and its Wigner distribution. We note that our approach is closely related to the so-called spectrally resolved phase-locked pump-probe technique, developed by Wiersma and coworkers. 9 However, because of the collinear geometry used in the latter technique, an additional term, referred to as virtual echo, cannot be avoided. 10 This term may overlap the real echo and make data interpretation less direct for small values of the time delay. In contrast, the virtual-echo term does not appear in the noncollinear geometry that we use here. Figure 1 shows the experimental setup. The output of a cavity-dumped Ti:sapphire laser 11,12 delivering 50-fs pulses is split into two beams, with one of them being used as the phase reference. The other beam is further split to excite the sample in a standard two-pulse noncollinear geometry ͑k 2 k 3 ͒, a simplified version of three-pulse photon echo. 13 The echo emission propagating along wave vector 2k 2 2 k 1 is collinearly recombined with the reference beam through a beam splitter, and the spectral interferences between the two beams are recorded in a spectrometer. The phase difference between the FWM emission and the reference can then be extracted with straightforward Fourier transforms, as long as the reference pulse precedes the FWM emission. 5, 14 Assuming that the reference pulse is transform limited, we can deduce the amplitude and the phase of the echo, yielding a complete measurement of the electric f ield. This assumption of a chirp-free reference pulse is based on the excellent agreement between the measured and the computed autocorrelations of the laser pulses, for which the calculation is based on the measured laser spectrum with a spectral phase set to zero (the inset of Fig. 1 ). The availability of clean transform-limited pulses directly delivered by the oscillator makes unnecessary here the use of more complicated phasemeasurement techniques. 14 Finally, we mention that, although phase locking should be used in this setup Fig. 1 . Experimental setup. The pulses delivered by a cavity-dumped Ti : sapphire laser are split into two parts, the reference beam and a beam that is split again into two beams, thereby exciting the sample in a standard FWM geometry. The FWM emission is recombined with the reference beam by a beam splitter. The spectral interferences between the two beams are recorded with a spectrometer (SP) and a multichannel analyzer (CCD). The inset shows the background-free autocorrelation of the laser pulses (f illed squares) compared with the autocorrelation computed from the laser spectrum (solid curve), assuming a constant spectral phase.
to ensure the required interferometric stability during the acquisition time, we have used an equivalent numerical technique already described elsewhere. 15 The f irst experiment was performed on a multiplequantum-well sample intentionally grown to present an inhomogeneous broadening of the exciton absorption line: The well widths form a Gaussian distribution of mean value 10 nm and rms deviation 0.3 nm. The sample is held at liquid-nitrogen temperature. Figure 2(a) shows the spectral interferograms obtained for different time delays between the two exciting pulses. As described above, a simple Fourier transform allows us to compute the echo electric f ield, whose amplitude is plotted as a function of time in Fig. 2(b) . The FWM emission is observed to peak at an absolute time t 2t, as a clear echo of the second exciting pulse occurring at time t t. This textbooklike behavior is a consequence of the particular design of our sample, which has been engineered so that inhomogeneous broadening is dominant. The experiment thus provides a clear validation of FTSI FWM in a simple case for which the echo is well separated from the exciting pulses. Finally, we stress that FTSI represents a significant improvement over upconversion in terms of sensitivity, for two different reasons: First, the technique is linear with the echo electric field, whereas upconversion is quadratic. Second, the use of a multichannel detector provides for simultaneous recording of the whole echo signal (multiplex advantage), whereas the time-gating technique associated with upconversion results in an undesirable waste of photons. This improvement in sensitivity is illustrated in Fig. 2(b) , which shows a set of data points obtained with an exposure time of only 2.5 s, which still permits recording of the whole echo signal.
The data shown in Fig. 2(b) do not take advantage of another unique feature of FTSI: In contrast with upconversion, which provides only the time-dependent echo intensity, our technique yields the echo electric field, E͑t͒. Such complete knowledge of the echo is better represented by the Wigner distribution W ͑t, v͒, 16,17 depending on both time t and frequency v:
Although such a representation is not exempt from some counter intuitive features, it is potentially very useful when both frequency and time domains are relevant, although neither provides the whole physical picture. Figure 3(a) shows the Wigner function obtained experimentally for a zero time delay between the two exciting pulses in the case of a homogeneously broadened multiple-quantum-well sample. 18 Figure 3(b) shows a numerical result obtained with a two-level Bloch model, whose purpose is not to fit the experimental data but simply to emphasize the essential features of the Wigner function of the FWM emission. The experimental Wigner spectrogram exhibits characteristic hyperbolically shaped oscillations, which are in agreement with the model and with other theoretical studies. 19 Additionally it shows a beating between the heavy-and light-hole exciton contributions, which are not taken into account in the two-level model. Furthermore, Fig. 3(a) also clearly exhibits a f inite rise time in the emission resulting from Coulomb interactions between excitons. 2, 3 A comparison between this feature and the Wigner representation of a pump -probe signal will be discussed elsewhere. More generally, it has already been shown theoretically that a determination of the Wigner representation can be particularly relevant for studying electronic correlations in organic and inorganic systems, 19 a task that can now be undertaken experimentally with FTSI FWM.
In summary, we have determined the electric field of the photon-echo emission of a GaAs multiplequantum-well structure excited by femtosecond pulses. This measurement has been achieved with Fouriertransform spectral interferometry, a linear technique of improved sensitivity compared with those of nonlinear methods such as upconversion. The multiplex advantage inherent in spectral interferometry also serves as a time-consuming scanning process, thus shortening considerably the acquisition time. The complete measurement of the electric field allowed us to obtain the first (to our knowledge) experimental Wigner representation of a photon-echo emission. 20 We are grateful to G. Chériaux and L. Lepetit for fruitful collaboration in the development of the FTSI technique.
Note added in proof:
Related results on photon echoes obtained by use of spectral interferometry were recently reported. 21 
